Non-linear absorption spectroscopy in pump and probe configuration has been used to test the population of nonequilibrium carriers in Ce-doped Y 3 Al 5 O 12 (YAG), Lu 3 Al 5 O 12 (LuAG), and Gd 3 Al x Ga (5−x) O 12 (GAGG) crystals with and without codoping by Mg 2+ ions. A faster rise time of the induced optical density has been observed in all crystals codoped with Mg with respect to that in Mg-free samples. A significant difference in the time evolution of the differential optical density in GAGG with respect to YAG and LuAG crystals has also been measured. In both GAGG:Ce and GAGG:Ce,Mg an absorption band with maximum in the blue-green range and a decay time of 1.4 ps is present. This band is due to the absorption by free electrons before they are trapped or re-captured by Ce 3+ ions. A broad absorption band in the yellow-red region with very short rise time and a decay time longer than 150 ps has been observed in all the Ce-doped garnets under study and can be attributed to the absorption from the Ce 3+ excited states.
Introduction
The rise time of the scintillation signal plays a crucial role in defining the time resolution achievable with a given scintillator, which depends on the interplay between the light yield and the kinetics of the scintillation process [1] . 5 A shorter and brighter scintillation pulse leads to a smaller jitter on the arrival time of the first photons at the photodetector. Therefore, these parameters are crucial in defining the potential application of inorganic scintillators for both time of flight positron emission tomography (TOF-wavelength.
The codoping of Ce-doped scintillation materials with alkali earth ions has been recently demonstrated to be a promising approach to improve the scintillation properties, especially in the scintillators with a garnet-type crys- 25 tal matrix [6, 7] . Such improvement is a combined result of the modification of electronic excitation transfer processes, achieved by band gap engineering, and the tailoring of the activator level energy within the gap, implemented via a variation of the garnet composition [8, 9] .
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The codoping of the crystal using alkali earth ions results in the substitution of a trivalent ion in the host matrix with a divalent second-group cation and causes the formation of anionic vacancies that compensate the charge deficiency. The formation of a hole-type defect including 35 
Mg
2+ and O − in close proximity of the divalent cation is also favored [10, 11] . Moreover, the codoping of Ceactivated crystals by divalent ions (even at the level of a few hundreds ppm) causes the oxidation of a fraction of the Ce 3+ ions into Ce 4+ . Both these types of cerium ions are 40 then involved in the scintillation process but with different kinetics [12, 13, 14] . The result is a significant accelera- GAGG is thus expected with respect to Gd-free garnets.
Since the luminescence build-up process is determined by the population of the Ce 3+ radiating levels, studying the time evolution of the population is a powerful tool to investigate both the luminescence response and the dynamics 60 of free carriers before they are captured by traps and radiative centers. To study these processes, the population of the lowest excited levels can be probed by exploiting the optical pump-and-probe technique in which a femtosecond pump pulse is used for photo-excitation and a probe pulse of similar duration but with variable delay (with respect to the excitation pulse) is used to probe the free carrier density and the population of the excited electronic energy levels. In the current paper, a comparison of the fast excitation transfer processes in Ce-doped GAGG, YAG, and
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LuAG crystals, with and without Mg-codoping, is provided.
Experimental Methods
The six Ce-doped garnet samples used in this study were grown by Czochralski technique at a speed of about 1 75 mm/hour using an iridium crucible under N 2 atmosphere, or, in case of GAGG, under atmosphere of N 2 with 2% of O 2 . For the GAGG samples, the seed crystal of 100 orientation was purchased from C&A Corporation, Sendai, Japan. [16, 17] . All the samples were cut from 90 single crystal ingots in the shape of a 2 × 2 × 10 mm 3 pixels and subsequently polished. The standard scintillation and optical properties of these samples were measured and discussed in [17] .
The study of non-equilibrium carrier dynamics was per-
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formed using a pump-probe spectrometer based on an original femtosecond Ti:Al 2 O 3 pulsed oscillator and a regen- erative amplifier, both operating at 10 Hz repetition rate. A schematic diagram of the setup is shown in Fig. 1 . The laser pulse duration and energy after amplification were 100 140 fs and up to 0.5 mJ, respectively, while the wavelength was tunable over the spectral range from 770 to 820 nm. The pulses of the fundamental frequency (the wavelength, λ, was set at 790 nm for the present study) were divided after the output of the amplifier into two parts at a ra-105 tio of 1:4. The beam of higher intensity was converted to the third harmonic (λ ≈ 263 nm, pulse energy E up to 12 µJ) and used as the pump pulse. The pulse energy was selected low enough to prevent the sample surface from optical damage by the laser pulse. The second beam of 110 smaller intensity was used as a probe. After passing the delay line, the probe pulse was converted to a white super-continuum generated by focusing the beam into a 1 cm long water cell. By using a semitransparent mirror, the super continuum radiation (360-115 800 nm) was subdivided into two pulses (reference and signal) of similar intensity. Both pulses were focused on the sample by mirror optics. The reference pulse was exploited to eliminate the impact of shot-to-shot instability of super-continuum. It passes the sample always before 120 the pump pulse. The pump-induced change of the optical density was calculated as:
where E sg , E * sg , and E ref are the energies of the signal pulses which passed the sample before and after the pump 125 pulse, and the reference pulse, respectively. The beam spot diameter was 0.5 mm. The spectra of both pulses were recorded for each laser shot by a system including a polychromator equipped with a CCD camera and digitally processed. The absorption spectra of the white super con-130 tinuum were measured in the spectral range from 400 to 700 nm. All measurements have been performed at room temperature. Additional details on the setup are provided in [19, 20, 21, 22] , where the same technique and instrumental apparatus have been used for studies of ultrafast 135 phenomena in different materials. Fluctuations at low wavelengths are due to the lower light beam intensity of the spectrophotometer and larger light absorption by the crystals in the UV spectral range. These effects deteriorate the signal-to-noise ratio of the measurement.
Results
The absorption spectra of the crystals under study, measured through 2 mm thickness using a Perkin Elmer (Lambda 650 UV/VIS) spectrometer, are shown in Fig. 2 .
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All the Mg-free crystals exhibit the 4f-5d absorption bands corresponding to inter-configuration transitions of Ce (e.g. Ce 4+ ions) [10] , is more pronounced in the LuAG:Ce crystals having the lowest concentration of Ce 3+ ions. The absorption spectrum of the GAGG:Ce sample also shows a set of narrow absorption bands in the UV range corre-150 sponding to the transitions from 8 S ground state to the numerous components of P, I, and D terms split by spinorbit interaction.
The transient induced absorption spectra of all samples for different delay times between the pump and the probe 155 pulses are shown in Fig. 3 . The pump wavelength, λ ex = 263 nm, was chosen to avoid direct excitation of Gd 
Discussion
There is a significant difference between the defect formation process in YAG, LuAG and GAGG crystals. In garnet crystals containing two or more cations and isovalent doping ions, e.g. Ce 3+ in our case, the defects are cre- ated by the preferential evaporation of the most volatile component from the melt during the crystal growth. In this case, randomly distributed vacancies will dominate. In GAGG crystals, where gallium is the most volatile component, the formation of cation vacancies due to the gal-215 lium evaporation inevitably leads to the formation of anionic vacancies and, consequently, to a higher concentration of trapping centers with respect to garnets grown from binary compositions. For example, oxygen vacancies create a set of electron trap levels with activation energy in 220 the range up to 1 eV. Moreover, multicomponent garnet crystals favor the formation of additional defects that act as trapping centers for non-equilibrium carriers. The ratio of the ionic radii of Al and Ga is 0.39Å to 0.47Å in the oxygen tetrahedral positions and 0.53Å to 0.62Å in 225 octahedral positions [24] . Therefore, even a random dis- tribution of Al and Ga ions in the lattice results in considerable distortion of the lattice. Closely located gallium and aluminum ions distort the polyhedral environment of each other and result in the formation of additional shal-230 low trapping centers. For this reason, a higher concentration of shallow centers is expected in GAGG with respect to YAG and LuAG crystals. It is in fact reflected in low temperature TSL glow curve of these materials [25, 26] .
The existence of a fast decay component in the tran- are generated via the absorption by Ce 3+ and the subse-245 quent transfer of the electrons to the conduction band. The spectral width of the B1 band might be attributed to structured density of states in the conduction band [28] . The fast decay of the free electron absorption can be explained by the localization of free electrons at the traps 250 in GAGG. Conversely, a maximum of the transient absorption around 650-680 nm (broad B2 band) is observed in all samples under study and could be attributed to the absorption from the Ce 3+ excited radiating levels. This interpretation is also supported by the different 255 kinetic behavior of the B1 and B2 absorption bands observed in the GAGG:Ce sample at the initial stage after the short-pulse excitation. The equilibrium between the free electrons and the electrons at the excited Ce 3+ level is established within approximately 2 ps after the pump exci-260 tation, while the further decay of both free electron density (probed at 480 nm) and the population of the excited Ce 3+ level (probed at 680 nm) proceeds at a similar rate, which is determined by radiative and non-radiative recombination processes. In the GAGG:Ce sample codoped with shorter due to capturing of free electrons from shallow traps. The Mg 2+ -based defect centers, having a CT transition peaked at 265 nm, create deep trap levels approximately 1.5 eV below the bottom of conduction band. This can cause the same electrons to be captured multiple times 280 from shallow traps and prevents them from being re-captured by Ce 3+ ions via the conduction band. Shallow traps capture electrons from the conduction band, while the thermal re-activation of the electrons back to the conduction band results in the population of Ce 3+ radiating levels and is 285 responsible for the delayed luminescence observed in such samples. In Mg-codoped crystals, this process is substantially suppressed by the re-capturing of trapped electrons by Mg-related centers and thus the re-population from the traps is less probable. As a result, the transient absorption 290 decay is faster in the codoped crystals. Meanwhile, the additional channel of non-radiative recombination, which is introduced by Mg-codoping, reduces the scintillation efficiency of garnet crystals.
Conclusions
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The transient differential absorption of a set of Cedoped Y 3 Al 5 O 12 , Lu 3 Al 5 O 12 and Gd 3 Al 2 Ga 3 O 12 crystals with and without Mg-codoping has been measured by pumpprobe method using femtosecond laser sources. The pump at the wavelength of 263 nm was used to create free car-300 riers in all the samples under study, whereas white supercontinuum was applied to measure transient absorption in the spectral range from 400 to 700 nm.
Substantial differences in the dynamics of population of the excited state of the activator ions in three garnet-type 305 scintillators: YAG:Ce, LuAG:Ce, and GAGG:Ce were revealed. Two non-linear absorption bands were observed. The first band, present in all three garnets, is broad and extends from approximately 450 nm over the whole visible region and decays with a characteristic time constant 150 310 ps. This band is attributed to the absorption from the lowest excited state of Ce 3+ . The second band is peaked at the blue-green region, emerges in the sub-picosecond domain and has a decay time of ∼ 1.4 ps. The time evolution of this band implies that it is caused by the light absorption by free electrons released to the conduction band after photo-excitation of Ce 3+ ions and rapidly captured by trapping states. This band is most pronounced in GAGG:Ce due to the influence of the second excited state of Ce 3+ , which is in the conduction band close to its 320 bottom, and is hardly traced in LuAG:Ce. Pairs of samples of the crystals, nominally identical except of codoping by magnesium, were prepared to reveal the influence of codoping by divalent ions. We show that Mg-codoping introduces additional levels into the band 
